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Abstract 
Natural systems such as soil and groundwater contain a diverse array of 
microenvironments that are rich in physical, chemical, geological, and biological heterogeneity.  
Anthropogenic chemicals such as antibiotics, heavy metals, and chlorinated solvents released to 
soil and groundwater are distributed in these microenvironments, and their attenuation often 
depends on microbial transformation.  At elevated concentrations, these pollutants can be toxic, 
or at a minimum induce stress in microorganisms.  Understanding microbial response to these 
stressors is key for mitigating their impact. In this study, a microfluidic gradient chamber (MGC) 
was fabricated to simulate environmental stressors in subsurface microenvironments. The MGC 
was fabricated in 4-inch silicon wafers using standard photolithography methods. Solute 
transport and microbial growth in the MGC was monitored and characterized by epi-fluorescence 
microscopy. Results show that by varying flow rates across the boundary flow channels, 
advective or diffusive transport processes control the generation of solute concentration gradients 
across a 1200-well array, and concentration gradients of stressor chemicals can be controlled. A 
strictly anaerobic methanogenic archaea species (Methanosarcina acetivorans) was grown in the 
MGC by introducing high salt media along the two boundary channels.  The M. acetivorans 
produced a large amount of methane gas, which ultimately displaced the liquid media in the 
1200-well array, rendering the MGC non-functional. The results of this study are a detailed set of 
procedures for fabricating the MGC, characterization of chemical concentration gradients in the 
MGC as a function of flow rate, and experimental methods to successfully grow anaerobic 
microorganisms in the MGC. This work forms the basis for future efforts that will focus on 
exploring the microbial response to stress-promoting concentration gradients. 
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Chapter 1: Introduction 
Gradients in chemical concentration, redox potential, pH, and temperature are common in 
the environment.  Such gradients have been documented in soil aggregates [1], contaminated 
aquifers along the margins of groundwater plumes [1, 2], and spring water exiting vents at 
Mammoth Hot Springs [3]. Environmental gradients are often “hotspots” of microbial activity 
and diversity.  For example, dense biological growth can occur along the margins of contaminant 
groundwater plumes where electron donors and acceptors mix.  Environmental gradients are not 
static.  They can physically migrate with changes in hydrology, and temporally evolve with 
changes in chemistry [1, 4, 5], These spatial and temporal changes expose microorganisms to 
new environments, and this can induce stress and possibly microbial adaptation.  
The primary objectives of this study are to develop a microfluidic gradient chamber 
capable of evaluating the microbial response to stress-promoting chemicals, to characterize 
concentration gradients in the MGC as a function of flow, and to develop methods for growing a 
pure culture of an anaerobic microorganism in the MGC over extended time periods.  These 
objectives represent the first steps towards achieving the goal of determining whether 
environmental stress established by a concentration gradient is a major driving force in microbial 
adaptation.   
This thesis consists of four chapters: Chapter 1: Introduction, Chapter 2: Microfabrication 
of the MGC, Chapter 3: MGC Solute Transport Characterization, and Chapter 4: Microbial 
Growth in the MGC. Chapter 2 provides a step-by-step procedure of how the MGC was 
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fabricated, including mask production, lithography techniques, and the bonding and porting 
process. It details specific equipment and parameters used in the fabrication process. It also 
depicts issues and solutions in the fabrication process, specific to the unique design of the MGC.  
Chapter 3 depicts tests conducted to characterize solute transport in the MGC in order to 
control the solute concentration gradient. Here, time-lapsed epi-fluorescence microscope images 
were analyzed to determine the effects of flow rate on concentration gradient formation. Lastly, 
Chapter 4 depicts a biological application of the MGC. Here, the microbe Methanosarcina 
acetivorans was grown in the MGC without any gradient stressor to determine if growth of a 
strictly anaerobic pure culture is possible. Batch studies were conducted to determine minimum 
inhibitory concentration (MIC) of the antibiotic stressor puromycin, which inhibits the growth of 
M. acetivorans. The MIC tests can be used to determine toxicity levels in the MGC in future 
applications.  
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Chapter 2: Fabrication of the MGC 
2.1 Introduction 
The MGC is fabricated in 4-inch silicon wafers using standard photolithography methods 
[6, 7]. It has two independent flow channels along the perimeter (Figure 2-1 (A)). The lattice 
between the two flow channels (i.e., 1200-well array) is comprised of 1200 hexagonal wells with 
200 μm long walls, connected by 200 μm long x 10 μm wide x 10 μm deep channels. The 
boundary flow channels are separated from the 1200-well array by nanoslits (Figure 2-1 (B)) 7 
μm wide x 10 μm long x 200 nanometers deep.  Seven ports are etched through the backside of 
the MGC to serve as inlets, outlets, inoculation, and extraction channels. The silicon wafer is 
anodically bonded to a glass coverslip to seal the device, rendering it isolated from the 
atmosphere.  
 Fabrication of the MGC was done in three sequential steps. For this three masks were 
necessary. The first mask consisted of the nanoslits, the second the wells and channels, and the 
third the ports. Once the three features are etched into the silicon wafer the final product is 
obtained. Figure 2-2 provides a simple representation of this process. Unique etching techniques 
were required for the production of the MGC due to large variations in etching depths.  
2.2 Mask Production 
The masks were fabricated ‘in-house’ at the Materials Research Laboratory (MRL) at the 
University of Illinois Urbana-Champaign (UIUC). The machine used to produce the masks was 
the TRE Electromask. The mask design was made in AutoCAD and delivered as a .DXF file; all 
dimensions were supplied in microns on the positive quadrant from (0, 0).  The mask 
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specifications include: (1) a 5-inch by 5-inch mask platform for a 4-inch diameter wafer design, 
(2) ‘Dark field,’ meaning the background is chrome thus blocking UV light from reaching the 
photoresist (i.e., the desired patterns are clear and allow UV light to pass though). (3) ‘Right read 
down’ meaning the chrome pattern is on the bottom of the glass mask to reduce UV refraction.  
2.3 Photolithography 
The general photolithography process, in sequential order, includes: wafer cleaning, resist 
spin coating, softbaking, resist exposure, developing, inspection, hardbake, descuming, 
subtractive process, and resist stripping [8]. A detailed description of the process is below. Note 
that similar procedures were followed for each feature unless otherwise stated.  This fabrication 
process was conducted in the Micro-Nano-Mechanical Systems (MNMS) class 100 and 10 
Cleanrooms at UIUC. 
2.3.1 Wafer Cleaning 
Wafer cleaning is a procedure used to remove grime and light organics from the surface 
of the silicon wafer. It consisted of squirting the front and back of the wafer with acetone, 
isopropyl alcohol (IPA), DI water, and IPA, followed by drying with N2 gas.  Acetone dissolves 
organic residues, IPA dissolves acetone residues and other organics not dissolved by acetone, 
and water dissolves IPA and other organics not dissolved by acetone and IPA.  The wafer is then 
rinsed again with IPA to allow the wafer to dry quickly. An N2 blowgun is used to evaporate the 
IPA.  Once the wafer has been degreased, it is ready for spin coating with photoresist. 
2.3.2 Resist Spin Coating 
The photoresist (PR) used for this study was SPR 220-4.5, a positive tone PR. Resist spin 
coating consists of applying an adhesion promoter followed by the PR. The process was done in 
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a laminar flow hood with a SP100 programmable spinner.  Once the wafer was secured to a 
wafer spinning chuck,  0.5 ml of the adhesion promoter (i.e., AP8000) were pipetted on the 
center of the wafer and spun at 3000 rpm for 30 sec. Then 3 ml of the PR were pipetted and spun 
at 3000 rpm for 30 sec.  The thickness of the PR is crucial for the fabrication process and is 
dependent on the spin speed and time. PR thickness is determined by using Equation 1.1 and 
manufactures data sheet information (Figure 2-3) [9, 10]. For this work, the PR thickness was 
roughly 4.5 μm. 
 
𝑇 = 𝐾𝐶!𝜂!𝜔!                     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛  1.1   𝑊ℎ𝑒𝑟𝑒:   𝑇   =   𝑓𝑖𝑙𝑚  𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠;   𝐾   =   𝑠𝑝𝑖𝑛𝑛𝑒𝑟  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡;𝐶 = 𝑝𝑜𝑙𝑦𝑚𝑒𝑟  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛; 𝜂   =   𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐  𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦;   𝜔   =   𝑠𝑝𝑖𝑛𝑛𝑒𝑟  𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙  𝑠𝑝𝑒𝑒𝑑  𝑅𝑀𝑃;   𝛽,ϒ,𝑎𝑛𝑑  𝛼   =   𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙𝑙𝑦  𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑  𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙  𝑓𝑎𝑐𝑡𝑜𝑟𝑠.     
 
2.3.3 Softbaking 
Softbaking removes the solvent from the spin coated PR wafer and promotes further 
adhesion. The softbaking temperature and time are specific to the PR and thickness, as too much 
heat can degrade the PR. Softbaking was done in a ramp-up fashion. The wafer was placed on a 
60° C hotplate for 120 sec, then on a 110° C hotplate for 60 sec. These parameters were modified 
from the SPR 220 data sheet recommendations [9].  
2.3.4 Resist Exposure 
The Electronic Visions EV420 Double-Sided Aligner was used to expose the PR wafer 
The EV420 Aligner has the capability of both front side and backside alignment.  It is considered 
an H-line (405 nm UV exposure system), but it has a broadband spectrum. The mercury bulb 
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emits UV ranging from 305-420 nm. The SPR 220 is an I-Line PR, but due to the broadband 
spectrum of the EV420 it is effective. The intensity for the EV420 is reported at H-Line, and 
with the dose of the SPR220 it results in an exposure time of 12 seconds. It is key to maintain a 
consistent dose for each feature. Dose is defined in equation 1.2 [8].  
 
𝐷𝑜𝑠𝑒   𝑚𝐽𝑐𝑚! =   𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦   𝑚𝑊𝑐𝑚! ∗   𝑡𝑖𝑚𝑒   s                       𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛  1.2 
 
The dose for each feature is kept constant by varying the exposure time with the last 
calibrated intensity reading. Typically the intensity is consistent, and for this mask aligner it was 
20 mW/cm2.  Parameters for each feature are listed in Table 1.  During the fabrication of this 
micromodel, the nanoslits were initially over exposed, leading to overdevelopment; therefore, 
after some experimentation, the dosage was lowered.  
 
                     Table 1: Exposure parameters 
Feature Side of Alignment Exposure time 
Nanoslits Front side 9 seconds 
Channels & Wells Front side 12 seconds 
Ports Back side 12 seconds 
 
2.3.5 Developing and Inspection 
Being that the PR used was positive toned, areas that were exposed to the UV light are 
weakened. The UV light breaks down the polymer resin in the PR rendering it soluble to the 
photoresist developer.  The developer used was AZ400K, which is a potassium based, buffered 
developer. The wafer was bathed in a Pyrex dish containing a specific ratio of developer to DI 
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water for a certain time, depending on the feature. Table 2 provides the parameters used for each 
feature. Due to the sensitivity of the nanoslits, a more dilute solution and lower development 
time was needed. An Olympus Optical Microscope with objectives of 5x, 10x, 20x, 50x, and 
100x magnification was then used to inspect the quality of the structural patterns. 
2.3.6 Hardbake and Descum 
After development, the wafer was hardbaked on a 110° C hotplate for 60 seconds to 
allow for further removal of solvents, annealing of the film, and increased adhesion to the 
surface. In addition, annealing allows the PR to be more resistant to plasma etching. Hardbaking 
was then followed by descumming. Descumming consists of a low temperature O2 plasma that 
removes 100-200 angstroms of organics [11].  It allows for the removal of organic contaminants 
from the surface and residual PR in structural patterns. The March Jupiter III RIE was used for 
the descumming process at 100 W RF power for 60 seconds.  
2.3.7 Subtractive Process: Dry Etching 
 The dry etching process used for this work was a diode setup, meaning plasma is 
generated where the substrate (i.e., silicon wafer) is exposed (i.e., not covered by PR).  Here, RF 
energy is applied to electrodes in a low-pressure system. This excites the desired gasses 
producing energetic ions, excited neutrals, and radicals, all of which play a role in the etching 
process. Ions bombard the surface while radicals react with the surface [8]. In etching the MGC 
features, reactive ion etching (RIE) and deep reactive ion etching (DRIE) were implemented.  
RIE consists of using O2 and CF4 gas. Here, CF4 etches the silicon while O2 removes its 
resputtered photoresist. The DRIE uses SF6 and C4F8.  The deep etching in DRIE is achieved by 
having SF6 as an etching gas and C4F8 as a deposition gas. Essentially, the C4F8 creates a Teflon 
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like polymer that inhibits the etching rate. Along the bottom of the trench the polymer is 
removed faster than it is deposited, but along the sides it is removed slower than it is deposited. 
This achieves very high aspect ratios (i.e. channel depth/width) allowing for deep anisotropic 
etching features. This is known as the Bosch process, and was developed by F. Laermer and A. 
Schilp in 1992. Although DRIE produces high aspect ratios, it also results in aspect ratio 
dependent etching (ARDE). This means that the etching depth depends on the surface area of the 
feature. As feature size decreases, etching depth decreases due to reduced transport of etching 
product. Figure 2-4 depicts this phenomenon. 
Etching of each feature in the MGC required the use of three different etching tools due 
to variations in etching depths. The Axic RIE tool was used for the 200 nm deep slits. This 
machine has a slow etching rate of 0.06 μm/min. The etching recipe included: Power: 100 W, 
Pressure: 100mTorr, Gasses: 3.1 SCCM O2, 25 SCCM CF4. The Plasma-Therm ICP DRIE was 
used for the 10 μm deep channels and wells. Here, a preset Bosch process recipe was used with 
an etching rate around 2 μm/min. 27 cycles of etching and deposition resulted in the desired 
depth. ARDE had an effect on the channels due to the difference in size of the wells and 
channels; profilometer measurements indicated 10 μm deep wells and 6 μm deep channels. 
Lastly, the ports were through-etched (500 μm thick) using a much stronger DRIE tool called the 
STS Pegasus ICP-DRIE, with the ability to etch 20 μm/min. 
2.3.8 Resist Stripping 
Resist stripping consists of removing all of the PR after etching in order to prepare the 
wafer for the addition of new features or to finalize the wafer product.  Resist stripping involved 
using a resist stripper bath, acetone bath, O2 plasma, and Standard Clean 1 (SC-1).  The resist 
stripper used was AZ400T, an organic solvent-based solution with a small amount of alkaline 
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chemical.  The wafer was bathed in AZ400T for 15 minutes while the Pyrex dish was slowly 
agitated. An acetone bath followed with a similar protocol. O2 plasma cleaning consisted of the 
same tools discussed descumming process, but an RF power of 250 W was used for 5 minutes. 
This allows for more rigorous removal of PR.  Lastly, the SC-1 clean was a process used to 
prepare the final etched wafer and glass coverslip for bonding.  The SC-1 cleaning solution is a 
5:1:1 ratio of DI water, ammonium hydroxide, and hydrogen peroxide.  It is heated to 80° C in a 
dish, and the wafers are soaked in it for 10 minutes. The SC-1 clean is very effective at removing 
particles and leaves behind a thin film (~10 angstroms) of silicon dioxide, rendering the wafer 
hydrophilic.  Table 3 shows the cleaning procedures for each feature in the fabrication process. 
 
  Table 2: Resist stripping procedure for each feature 
Feature 1 2 3 4 
Slits AZ400T bath Acetone bath O2 plasma, ------- 
Channels & Wells AZ400T bath Acetone bath O2 plasma, ------- 
Ports AZ400T bath Acetone bath O2 plasma, SC-1 clean 
 
2.4 Anodic Bonding 
Anodic bonding is a procedure used to create a direct seal between the etched silicon wafer 
and the glass coverslip substrates, without the use of an adhesive. In this process, silicon-to-glass 
contact, heat, and voltage alter the surface of the substrates at the interface to create an 
electrostatic seal [12]. A variety of combinations in temperature and voltage determine the 
bonding time required. Bonding time is also dependent on the type of glass coverslip used and 
the quality of the cleaning procedure. In general, silicon and glass substrates can be subjected to 
temperatures ranging from 300°C to 400°C and voltage ranging from 100-1000 V [13-15]. At 
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high temperatures, the Na+ ions within the glass coverslip become mobile [14]. The glass is 
biased as the cathode [13] causing Na+ ions to migrate away from the silicon-glass interface 
towards the cathode. This leaves behind O2- anions at the surface of the glass coverslip (i.e.,  
silicon-to-glass interface) that then form a SiO2 chemical bond between the substrates [14].  
Figure 2-5 provides a cross-sectional view of the procedure. In this study, a simple anodic 
bonder was successfully made and implemented. A Lindberg/Blue M™ Moldatherm™ Box 
Furnace was used to bring the system to 400°C.  A potential was applied across the silicon wafer 
and glass coverslip using a 900 V power source. The system was ramped up to the required 
temperature, voltage was applied for 10 minutes, and then ramped down slowly. It is crucial to 
not vary the temperature rapidly to avoid thermal expansion, considering that the silicon wafer 
and glass coverslip have slightly different thermal expansion coefficients.  Figure 2-6 is a photo 
of the anodic bonder setup. The cylinder on top is a weight, and it provides pressure so the 
graphite electrodes uniformly contact the wafer and glass substrates.  
2.5 Dicing and Porting of Bonded Wafer 
The final step in preparation of the microfluidic cell is to dice the wafer-glass assembly to 
the appropriately sized cells and to connect ports for fluid connections. The assembly was diced 
using a Disco DAD-6TM Wafer Dicing Saw, a precision cutting machine, with a resin bond 
diamond-dicing blade.  Once diced, the assembly was connected to ports using a nanoport 
assembly kit from IDEX Health & Sciences (i.e. N-333 10-32 Coned NanoPort Assembly). The 
seal between the silicon wafer and each port was made using an adhesive that is activated at high 
pressure and temperature. Pressure was applied by pressing the port to the wafer using a binder 
clip.  Temperature was applied by slowly ramping up to 177°C, holding for 60 minutes, and then 
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slowly ramping back down to ambient. Temperature ramping was necessary to avoid breakage 
by thermal expansion.  
2.6 Discussion 
There are three major points to highlight for this fabrication process.  First, 
inconsistencies in nanoslit etching depths were a result of over exposure and development.  It is 
crucial to maintain uniform nanoslit developed-features that are calibrated to the RIE etching 
recipe.   Second, the photoresist is difficult to remove from the etched wafer because of the MGC 
design. Initially the issue was fixed by using a sonicator to enhance resist striping but this 
resulted in breakage of slits. To avoid breakage and maintain a clean product, the O2 plasma 
clean was successfully implemented to remove the resist. Lastly, ARDE was observed resulting 
in the aforementioned well depth of 10 μm and channel depth of 6 μm. As of now, this has not 
affected the system, but if equal depths are necessary there are two options. First, a separate 
mask could be used for the wells and channels. This would allow separate etching of the two 
feature and equal depths could be achieved. Second, by slowing the etching, ARDE effects can 
be reduced. 
SEM images of the completed MGC were taken at the Beckman Institute at UIUC to 
confirm etched features.  Figure 2-7 provides an image of the slits, hexagonal wells, and 
channels. Figure 2-8 provides a higher magnification image of the slits. The scalloping effect of 
the Bosch process can be seen in this image as well. Figure 2-9 gives an even closer look at the 
200 nanometer etched slits. Figure 2-10 shows the slit breakage when sonication was used to 
remove resist. Overall, the MGC was successfully fabricated.  
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Figure 2-1: (A) Microfluidic Gradient Chamber (MGC). (B) SEM image depicting 
wells, channels, and nanoslits. (B) Source: [5]. 
Figure 2-2: AutoCad design features of each mask. Slits (green), wells and channels (red), 
ports (yellow), alignment marks (blues). 
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Figure 2-3: Spin speed curve. Source: [9]. 
Figure 2-4: ARDE, from left to right the four clusters of 
features consist of decreasing surface area resulting in 
decreasing etching depths. Source: [8]. 
100 µm 
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Figure 2-5: Cross-sectional view of anodic bonding process with ion 
migration. Source: [14]. 
Figure 2-6: Photo of anodic bonder setup. From 
bottom to top: Glass mask, square graphite 
(connected anode to this end), silicon wafer, glass 
wafer, circular graphite (connected cathode to this 
end), three glass slides, and weight. 
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Figure 2-7: SEM image of slits, wells, and channels at 200x 
magnification. 
Figure 2-8: SEM image of slits at 3500x magnification. 
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Figure 2-9: SEM image of slits at 28000x magnification. 
Figure 2-10: SEM of broken slits at 800X magnification. 
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Chapter 3: MGC Solute Transport Characterization 
3.1 Introduction 
Microfluidic flow cells can be used to control the spatial concentration of solutes.  
Depending on flow cell design, advective and diffusive transport can affect the spatial 
distribution of concentration to varying extents.  In an advective dominated system, solute 
transport is driven by the laminar convection of fluid. Laminar flow occurs in microfluidic cells 
because the small dimensions constrain flow to low Reynolds numbers.  This is in contrast to 
turbulent flow, which occurs at high Reynolds numbers and is characterized by eddies which 
enhance solute mixing [16, 17].  In a diffusive dominated system, solute transport is driven my 
thermal motion across an advection-free gradient field. The geometry of the microfluidic device, 
and the source, sink, influx and outflux of solutes all contribute to establishing a concentration 
gradient profile that may be dominated by advective or diffusive transport.  [16].  
An example of an advection-generated concentration gradient is shown in Figure 3-1, 
where solute splitting and recombination results in a more diffuse concentration gradient 
transverse to flow. An example of a diffusion-generated concentration gradient is shown in 
Figure 3-2.  A constant gradient is maintained at steady state by providing a constant source and 
sink on either side of a stagnant well. Small physical permeable barriers prevent advective flow 
between the source, sink and stagnant well [16]. The MGC’s design, consisting of boundary flow 
channels and a nanoslit barrier, are attributes of a diffusion-generated concentration gradient but 
its unique geometry and nanoslit dimensions allow advection to affect gradient formation. 
 In this chapter, the MGC is used to create concentration gradients as a function of flow 
rate, where the latter affects contributions from advective and diffusive flow in the 1200-well 
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array field.  An aqueous fluorescent dye was introduced into one inlet channel, and clean water 
in the other.  The concentration gradient established by the dye in the 1200-well array was 
determined by taking epi-fluorescence microscope images, and assuming intensity corresponded 
linearly to concentration. Time-lapsed images at a specific flow rate were analyzed to 
characterize the gradient formation and variable-flow-rate images at steady state were analyzed 
to determine the contribution of advection and diffusion to the concentration gradient.   
3.2 Materials and methods 
3.2.1 Microfluidic gradient chamber (MGC) setup 
The MGC consists of two boundary flow channels and a 1200-well array connected by a 
nanoslit permeable barrier. Initial saturation of the 1200-well array was achieved by directly 
injecting fluids through the center port. The MGC was first flushed with CO2 via the center port 
to displace air; the former is easier to displace with water than the latter [18]. DI water was then 
introduced through the center port, which radially pushed CO2 out ward and saturated the 1200-
well array. This was done by manually injecting water with a 1 ml syringe. Once the 1200-well 
array was water-saturated, the boundary flow channels were manually saturated with DI water. 
Next, an aqueous fluorescent dye and DI water were introduced into the separate boundary flow 
channels. To maintain the desired flow rate, a dual New Era Syringe pump was used with 
Hamilton gastight syringes. Syringe sizes varied from 1 ml to 10 ml depending on the desired 
flow rate. Ferrules, nuts, adapters, plugs, and 1/16” OD PEEK tubing were obtained from IDEX 
Health & Science; the PEEK tubing ID was 0.01’’ to minimize dead volume.  
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3.2.2 Epi-fluorescence microscopy 
Fluid flow and gradient formation along the 1200-well array of the MGC was captured 
with a Nikon Eclipse 2000 TE epi-fluorescent inverted microscope equipped with a monochrome 
digital Charge Couple Device camera. The microscope was equipped with an automated stage 
from Prior Scientific Instrument, allowing for multi-point acquisition along the roughly 2 X 3 cm 
size of the MGC.  Montaged images were obtained by stitching 208 images (13 by 16) with a 5% 
overlap. A 4X objective with a resolution of 1.62 μm/px was used for all images. Fluorescence 
images were made visible using a FITC cube with excitation and emission spectra of 465-495 
nm and 515-555 nm, respectively. All images generated with the FITC cube were exposed for 
780 ms. The imaging software NIS-Elements was used to control the microscope and to analyze 
the images.  The gradient was visualized with the water soluble Alexa Fluor 488 dye at a 
concentration of 34 µM. Alexa 488 was chosen because it is more photostable, less pH sensitive 
and brighter than typical fluorescent dyes, and has excitation and emission wavelengths of 495 
nm and 519 nm, respectively [19].   
3.3 Results 
3.3.1 Time-lapse gradient formation at specific flow rate 
The specific MGC used for this test consisted of 160 nm deep nanoslits and 9.8 µm deep 
wells. The DI water and fluorescent dye were pumped counter-current to each other at a flow 
rate of 50 µl/hr. At this flow rate, the retention time of the fluid in the boundary flow channel 
was ~30 seconds. Figure 3-3 provides time-lapsed montaged microscope images of the 
fluorescence intensity as the gradient formed in the MGC.  
Ten minutes after pumping began (Figure 3-3 (A)) approximately 20 channel pore 
volumes had been delivered. The image confirms solute transport across the nanoslit boundary. 
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At 0.5 hours (Figure 3-3B), the solute moved further into the 1200-well array field.  The distance 
traveled was compared to that based only on diffusion; transport was 10X further than expected, 
indicating the solute is advecting through the nanoslits. A detailed characterization of solute 
transport at 0.5 hours is found in Appendix A. At 1.hours (Figure 3-3 (C)) the solute was half the 
distance of the 1200-well array, but a low intensity region was visible in the center because of 
dilution or mixing near the port. Lastly, Figures 3-3 (C, D, E) indicate that the solute distribution 
is no longer changing and steady state was reached. This is illustrated by the cross sections in 
Figures 3-4 (A, B, C).   
The solute profile in the MGC at steady state is compared to a steady-state diffusion 
profile in Figure 3-5. As defined by Fick’s first law, the diffusion profile is linear at steady state 
and connects the two boundary conditions [20].  In contrast, the experimental intensity profile is 
relatively uniform on one half of the 1200-well array, and then drops sharply to zero near the 
horizontal center of the MGC.  The sharp drop is characteristic of an advection-dominated 
profile, where flow is generally horizontal across the cell, and diffusion between adjacent 
streamlines with and without solute results in a sharp concentration gradient.  Hence, the 50 µl/hr 
flow rate resulted in advection across the 1200-well array and a sharp concentration drop near 
the horizontal center of the MGC.  
3.3.2 Steady-state concentration gradient at variable flow rates 
To understand how the flow rate of the boundary channels in the MGC affects solute 
transport, the concentration profile was evaluated at different flow rates. The specific MGC used 
for these tests had 200 nm deep nanoslits and 13.0 µm deep wells. Figure 3-6 shows montaged 
microscope images of the fluorescence intensity distributions at 24 hours for flow rates of 1, 7, 
10, 15, and 100 µl/hr.  In addition, normalized intensity profiles for two vertical transect lines on 
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the left and right of the array ports are shown. Figure B-3 in Appendix B shows the transect 
lines. The profiles were normalized to the highest intensity readings found in the boundary flow 
channel. These profiles include the boundary flow channels in order to quantify the amount of 
solute transport through the nanoslits at each flow rate. 
As shown, the spatial distribution of the solute was affected by the boundary channel 
flow rates. As flow rate decreased, the solute appears to decrease more gradually across the 
1200-well array. In contrast, as flow rate increased, the solute concentration is more constant 
over a section of the 1200-well array, and then drops off more sharply closer to the horizontal 
plane that cuts across the center port. The more gradual decrease in concentration at low flow 
rate is consistent with diffusion driven transport.  The sharper drop at high flow rates is 
consistent with advection across the 1200-well array field and a sharp change in concentration 
along the dividing line between the solute and no-solute containing fluids that is smeared by 
diffusion.  However, the dividing line is not horizontal across the 1200-well array field, but 
peaked in the center; this is likely due to local mixing near the ports where the depth of liquid is 
much greater and there is less resistance to flow. 
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Figure 3-1: Advection-generated concentration gradient. Source: [16]. 
Figure 3-2: Diffusion-generated concentration gradient. Source: 
[16]. 
 23 
 
 
 
 
 
 A B C 
D 
F 
E 
Figure 3-3: (A, B, C, D, E) Time-lapsed montage microscope images taken at 10 
minutes, 0.5 hours, 1.5 hours, 24 hours, and 48 hours, respectively. (A) Dye inlet 
depicted with green arrow and D.I. water inlet depicted with blue arrow. 
A 
B 
C 
Figure 3-4: (A, B, C) Intensity readings corresponding to Figure 3-3 (C, D, E),  
respectively. Figure B-1 in Appendix B depicts the transect line used to measure these 
intensity profiles. 
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Figure 3-5: Steady-state profiles of diffusion model and experimental data. Figure B-1 in 
Appendix B depicts the transect line used to measure the experimental data. 
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Figure 3-6: (A, B, C, D, E) Fluorescence intensity distributions at 24 hours for flow rates 
of 1, 7, 10, 15, and 100 µl/hr, respectively. Larger depiction of images found in Figure C-
1 of Appendix C. For all images the dye inlet is from the right and the D.I .water inlet is 
from the left. 
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Chapter 4: Microbial Growth in the MGC 
4.1 Introduction 
Natural systems such as soil and groundwater are characterized by chemically 
heterogeneous microenvironments. These microenvironments may consist of antibiotics, 
pollutants, or other environmental stressors [2, 5].  Understanding microbial response to these 
stressors is key for mitigating their impacts. Concentration gradient generating microfluidic cells 
provide a unique platform for studying biological responses to controlled chemically 
heterogeneous microenvironments. They allow for the manipulation of solutes along temporal 
and spatial scales, and provide quantifiable and reproducible characterization of microbial 
response [16].   
An important initial step towards probing microbial response in the presence of an 
environmental stressor was the work of Zhang et al. [5].  They used a microfluidic gradient 
chamber (MGC) similar to the one fabricated in this work to expose a strain of E. coli to a 
monotonic gradient of ciprofloxacin, a DNA replication inhibitor. The gradient was established 
by diffusion and advection of the ciprofloxacin antibiotic between two boundary flow channels 
at fixed concentrations, where one channel was maintained many times above the minimum 
inhibitory concentration, and the other channel was maintained at zero.  The E. coli was free to 
migrate between the two channels through a connected lattice of 1200 wells, either away or 
toward the highest concentration. Nanoslits not only controlled the delivery of nutrients and an 
antibiotic gradient but also prevented the E. coli cells from migrating between the 1200-well 
array and the boundary flow channels thus preventing cell-washout and maintaining constant 
boundary conditions. Zhang et al. [5] observed resistance to ciprofloxacin and de novo mutation 
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of E. coli within 10 hours. Whole genome sequencing found that mutation was indicated by four 
highly functional single nucleotide polymorphisms (SNPs).   
The MGC has three key properties that allow for rapid mutation and resistance to a stressor. 
These are: (1) Breaking the population into many small metapopulations via the 1200 hexagonal 
well array, (2) Allowing for motility along a fitness landscape via the channels connecting each 
well, and (3) Providing a steep concentration gradient.  
In this chapter, the MGC is used to characterize the growth of Methanosarcina acetivorans, 
with the longer-term goal of exploring how this microbe responds to the presence of an 
environmental stressor. M. acetivorans are methane producing, strict anaerobes of the domain 
archaea [21]. The MGC was previously used to study microbial adaptation under aerobic 
conditions and a gas-permeable polymer cover was used instead of glass; this is the first time the 
MGC has been sealed with glass and used under anaerobic conditions. Minimum inhibitory 
concentration (MIC) tests were conducted to determine the lowest concentration of the antibiotic 
puromycin that inhibits growth of M. acetivorans.  The MIC tests were conducted for future use 
of the MGC to evaluate M. acetivorans response to puromycin.   
4.2 Materials and Methods 
4.2.1 Organism, media and growth conditions 
Methanosarcina acetivorans C2A strain was provided by Dr. Isaac Cann’s laboratory at 
The University of Illinois at Urbana-Champaign.  M. acetivorans require strict anaerobic 
conditions for growth [21, 22]. Anaerobic high salt (HS) media was prepared by sparging with 
an 80:20 mixture of N2:CO2 following a modified Hungate technique [23, 24]. The N2:CO2 
mixture was first passed through a column of copper filings at high temperature to catalytically 
scrub O2. The HS media consisted of 200 mM NaCl, 45 mM NaHCO3, 13 mM KCl, 50 mM 
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MgCl2.6H2O, 2 mM CaCl2.2H2O, 19 mM NH4Cl, 5 mM KH2PO4, 0.4 mM Na2S.9H20, 2.8 mM 
Cysteine HCl, 0.001% resazurin, 1% (vol/vol) vitamin solution (ATCC® MD-VS™), and 1% 
(vol/vol) trace element solution (ATCC® MD-TMS™) [21, 22, 24]. 50 mM trimethylamine HCl 
or 50 mM methanol was added as the growth substrate [22]. The microbes had no issue 
transitioning between trimethylamine and methanol for growth. The final pH of the media was 7 
to 7.2. M. acetivorans can grow as single-cells or aggregated cells, where the latter is dominant 
when NaCl is below 200 mM and MgCl2 is less than 5 mM [25]. For this study cells were grown 
in single-cell form. 
The media was naturally buffered with CO2 and HCO3-. To establish and maintain 
reducing conditions, sodium sulfide and cysteine were added as reducing agents. Resazurin acted 
as a visual indicator for the oxidation/reduction potential of the media; if oxidized it is red and if 
reduced (to -330 mV) it is colorless [24]. Note that initially resazurin is blue and it is reduced to 
resorufin (red) in an irreversible reaction. It is then further reduced to dihydroresorufin 
(colorless) in a reversible reaction that if oxidized will return to the red resorufin [26]. 
Anaerobic media was successfully prepared without the use of an anaerobic chamber. 
Anaerobic media preparation began by first boiling the media for 10 minutes under N2/CO2 gas. 
It is critical to prepare separate solutions of the MgCl2 and CaCl2 to ensure that no carbonate 
precipitates are formed [21, 24]. For this, ‘media A’ contained NaCl, NaHCO3, KCl, resazurin, 
vitamins and trace elements and half of the desired D.I. H2O. ‘Media B’ contained MgCl2 and 
CaCl2 with half of the desired D.I. H2O. After boiling, the two flasks were cooled on ice and 
flushed with N2/CO2 for 30 minutes. Media A was then transferred to a separate flask that 
contained pre-weighed NH4Cl and KH2PO4. Prior to transferring media A, the headspace of the 
flask was flushed with N2/CO2. During transfer, the flask was gently stirred while still flushing 
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with N2/CO2. After transferring media A, media B was then slowly added similarly. Stock 
solutions (100X) of Na2S and Cysteine were pre-made by flushing with pure N2 and added as a 
final step before capping and sealing media in serum bottles and Balch tubes. Each Balch tube 
and serum bottle was also flushed with N2/CO2 prior to and during pipetting of prepared media. 
10 ml Balch tubes, 125 ml serum bottles, blue butyl rubber stoppers, aluminum seal, and crimper 
were obtained from Chemglass Life Sciences. Once media vials were crimped and sealed, they 
were autoclaved in the liquid cycle for 20 minutes. White carbonate precipitates form upon 
autoclaving but dissolve in 1 to 2 days when refrigerated at 4˚C or placed at room temperature. 
[24] 
For batch studies with M. acetivorans, 10% of cells from the mid-exponential phase of 
previously grown cultures were transferred into Balch tubes. All transfers were done using gas 
tight needles and syringes. Needles and syringes were flushed with N2 gas prior to use. The 
substrates, trimethylamine or methanol, were added at this time as well. 100X concentration 
stocks of each were prepared, flushed with N2 gas, and autoclaved. Cells were incubated at 37˚C.  
4.2.2 Modified HS media for MGC 
The first time HS media was delivered to the MGC, precipitates began to form at the 
inlets, outlets and 1200-well array. Figure 4-1 provides microscope images of these precipitates. 
Possible precipitates were determined using a chemical equilibrium software called Visual 
MINTEQ. With experiment specific inputs, the software provided the saturation index for 
complexation reactions. Upon comparison of the crystal structure to possible precipitates, 
struvite (NH4MgPO4) was the likely cause. The media was modified by lowering the 
concentrations of the following compounds: 25 mM MgCl2.6H2O, 1mM CaCl2.2H2O, 1.9 mM 
NH4Cl, 0.4 mM KH2PO4. MgCl2 could not be decreased more because it largely affects cell 
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growth [22]. NH4Cl and KH2PO4 concentrations were decreased 10-fold. The modified HS media 
resulted in no precipitate formation in the MGC. In batch studies, OD readings after three days 
with methanol as the growth substrate resulted in 0.554 OD and 0.578 OD for modified HS 
media and HS media, respectively. Methanol was the substrate used for growth in the MGC. 
4.2.3 Minimum Inhibitory Concentration (MIC) tests  
M. acetivorans are sensitive to the antibiotic puromycin. Puromycin is a protein synthesis 
inhibitor that causes premature peptide chain termination in M. acetivorans by mimicking the 3’-
end of aminoacyl-tRNA[27]. Inhibition batch studies were conducted to determine the MIC of 
the cells to the antibiotic. Concentrations tested were 0.01 µg/ml, 0.1 µg/ml, 0.5 µg/ml, 1.0 
µg/ml, 2 µg/ml, and 10 µg/ml. Stocks of 5mg/ml and 50 µg/ml were prepared by flushing D.I. 
water with N2 and then adding the puromycin. Puromycin stocks were then filter sterilized. The 
growth substrate used was 50 mM trimethylamine. Growth was monitored using a Spectronic 20 
spectrophotometer at a 600nm wavelength. The Spectronic 20 allows OD readings to be 
measured with Balch tubes, thus not disturbing cell growth.  
4.2.4 MGC sterile-anaerobic microbial setup 
To ensure the MGC was sterile, it was tightly wrapped with aluminum foil during port 
bonding, which required 60 minutes of heating at 177˚C. A sterilization time of 60 minutes at 
170˚C is recommended for dry heat sterilization [28]. The ferrules, nuts, adapters, plugs, and 
1/16” OD PEEK tubing (IDEX Health & Science) were sterilized by autoclaving for 20 minutes 
in the liquid cycle.  Hamilton gastight syringes were sterilized with 10% hydrogen peroxide 
(H202), then flushed three times with sterile anaerobic D.I. water. The MGC components were 
then assembled in a laminar flow hood to ensure sterile conditions. The MGC was saturated 
similar to the procedure described in Chapter 2, but rather than using D.I. water the modified HS 
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media was introduced in the center port and along the flow channels. The MGC was inoculated 
by adding 25 µl of mid-exponential phase M. acetivorans cells to the bottom port in the 1200-
well array.  
To ensure anaerobic conditions, a sheath of Tygon tubing (ID: 1/8’’, OD: ¼’’) was 
placed around the PEEK tubing. The sheath was connected to a constant flow of N2 gas. The 
inlet was near the syringe and the outlet was at the nanoport connection. A small prototype box 
made from cardboard and Teflon duct tape was placed around the MGC to act as a localized 
anaerobic box.  Since the N2 gas was exhausted near the nanoport location, the box maintained a 
positive N2 pressure. Lastly, to ensure optimal growth of M. acetivorans, a temperature control 
box was placed around the microscope to maintain a steady temperature of 37˚ C. Figure 4-2 
depicts the incubated anaerobic setup. 
4.2.5 Epi-fluorescence microscopy 
Microbial growth, dissolved oxygen (DO), and methane production in the MGC was 
captured with the microscope system and methods described in Chapter 3.  M. acetivoran cells 
auto-fluoresce.  The Coenzyme F420 fluoresces in its oxidized state with an optimal 
emission/excitation of 400 and 468 [29, 30]. Figure D-1 in Appendix D shows the range of 
emission/excitation for coenzyme F420.  The autofluorescence allowed M. acetovoran growth to 
be tracked using fluorescent microscopy with a UV-2A cube (excitation and emission spectra of 
325-375 and 420, respectively) and a 5 second exposure time. DO induces fluorescence in the 
resorufin (530 excitation and 590 emission [31]).  This was tracked using a CY3 cube (excitation 
and emission spectra of 530-560 and 573-648, respectively) and 1 second exposure time. 
Methane gas was produced as a separate phase.  This was tracked by directly observing gas 
bubbles with reflected DIC microscopy. 
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4.3 Results  
4.3.1 Minimum Inhibitory Concentration (MIC) tests  
Two separate tests were conducted consisting of an inoculum of high or low cell 
concentrations. The high cell concentration consisted of an initial OD reading of roughly 0.120. 
The low cell concentration consisted of an initial OD reading of 0.030. Both batch studies 
produced similar results; the only difference is that the low cell study had a longer lag phase. At 
puromycin concentrations of 0.01 µg/ml and 0.1 µg/ml, growth was observed. At puromycin 
concentrations of 0.5 µg/ml, 1.0 µg/ml, 2 µg/ml, and 10 µg/ml, there was no growth. Figures 4-3 
and 4-4 provide the MIC growth curves for these tests. 
4.3.2 M. acetivorans growth, methane production, and dissolved oxygen (DO) in MGC 
The strict anaerobic microorganisms, M. acetivorans, were successfully grown in the 
MGC. Growth was seen in specific wells throughout the bottom half of the MGC. Over time, 
growth corresponded to methane production, which ultimately displaced most of the HS media in 
the 1200-well array. Figure 4-5 provides superimposed montaged images taken every 24 hours 
for 120 hours where purple indicates microbial growth, white indicates methane production, 
yellow indicates dissolved oxygen, and gray indicates HS media. Microbial growth images are 
not provided for the first 48 hours because cell density was not sufficient for visible 
fluorescence.  Visualization of the superimposed images was enhanced by manipulating the 
lookup tables (LUTs) and histograms.  
 Figure 4-6 shows the growth of M. acetivorans at 72, 96, and 120 hours. The location of 
growth is between the center and bottom port and roughly 5 mm to the right. As shown, over 
time growth shifts slowly from well to well. This is a result of death due to nutrient depletion and 
displacement of cells from methane production to nutrient rich areas. In addition, M. acetivorans 
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often surround themselves over time with methane gas and effectively isolate themselves from 
nutrient containing fluid.  This is shown in Figure 4-7.  
Growth in the MGC was possible when DO levels were maintained at low levels. As seen 
in Figure 4-8, the lowest DO concentration was achieved at 72 hours, and thereafter levels began 
to increase again.  This is most likely due to the depletion of reducing agents and a small but 
constant influx of O2 from the ports. The cardboard anaerobic box was only placed over the 
MGC after 24 hours.  While effective, results show that it did not completely eliminate the influx 
of O2.  
 
 
 
A B 
C D 
Figure 4-1: (A) 5X BF microscope image at boundary flow channel (B) 
10X BF microscope image near port of 1200-well array. For reference, 
the length of the hexagons is 200µm. (C, D) example microscope 
images of known struvite crystals. Source: [33] .  
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Figure 4-2: Incubated-anaerobic MGC setup for microscopy. 
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Figure 4-3: MIC growth curve with low cell inoculation. 
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Figure 4-4: MIC growth curve with high cell inoculation. 
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96 hr E 
O hr A 24 hr B 
48 hr C 
120 hr F 
D 72 hr 
Figure 4-5: Time-lapsed superimposed images.  Cell growth (purple), methane gas 
(white), dissolved oxygen (yellow) and HS media (gray). 
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B A 
Figure 4-7: (A) 20X objective using BY-3 cube depicting growth of cells. (B) 4X objective 
using BF depicting cell growth and surrounding methane accumulation. 
A 
B 
C 
Figure 4-6: (A, B, C) Growth of M. 
acetivorans at 72, 96, and 120 hours, 
respectively. Yellow dots represent the same 
location. 
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F 
Figure 4-8: Intensity readings for a specific transect line and its corresponding CY3 montage 
image. (A, B, C, D, E, F) correspond to 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, and 120 hr, 
respectively. Figure B-4 in Appendix B shows the transect line location. 
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 : Analysis at non-steady state Appendix A
By use of a 1-D diffusion equation (equation 3.1) [20] and a 1-D dispersion/advection 
equation (equation 3.2) [32], solute transport processes can be characterized. Equation A.1 and 
A.2 assume a continuous input and semi-infinite domain. For this specific case, these equations 
are relevant if ignoring the effect of the sink boundary flow channel along with the diluting effect 
from its adventive force. It is assumed that at this time and location, these effects do not play a 
major role. Note that the true boundary conditions for the MGC are not of semi-infinite domain 
but rather are finite, with C(x=0, t)=C0, C(x=2, t)=0, where the distance across the MGC is 2 cm. 
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Figure A-1, provides a graphical representation of the normalized experimental intensity 
profile, the 1-D diffusion model, and the 1-D advection/dispersion model at a time of 0.5 hours. 
Note, Figure B-3 in Appendix B depicts the transect line used to measure the intensity profile. A 
diffusion coefficient (Dmol) of 4.30 * 10-6 cm2/s for Alexa Fluor 488 was used and adjusted  
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with the porosity of the MGC (n = 1/3). This graphical comparison supports the assertion that 
advection is dominating solute transport in the 1200-well array. To obtain a best-fit curve with 
the advection/dispersion model, an arbitrary velocity of 0.1% of the boundary flow channel was 
assumed, along with a dispersivity value of 0.1 cm. Although these values were chosen to fit the 
experimental data and are likely not be accurate, the trends indicate an advective component. 
Knowing the true velocity field in the 1200 well-array would require more detailed 
measurements and are beyond the scope of this work. 
 
 
 
 
 
Figure A- 1: Normalized experimental intensity profile, the 1-D diffusion model, and the 
1-D advection/dispersion model at a time of 0.5 hours. 
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 : Transect lines Appendix B
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B-3: Location of transect line 
used to measure the intensity profile. 	  
Figure B-1: Location of transect line 
used to measure the intensity profile. 
Figure B-2: Location of transect 
lines used to measure the intensity 
profiles. 
Figure B-4: Location of transect line 
of CY3 filter for DO levels. 
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 : Steady-State gradients at variable flow rates Appendix C
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure C-1: Enlarged 24 hours steady state images of fluorescent intensity distribution. 
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 : M. acetivorans range of emission and excitation Appendix D
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D-1: Range of emission and excitation for M. acetivorans. 
Source: [30]. 
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